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ABSTRACT  Aedes  aegypti  (L. )  (Diptera:  Culicidae)  is  the  primary  vector  of  both  dengue  and  yellow 
fever.  Use  of  insecticides  is  one  of  the  primary  ways  to  control  this  medically  important  insect  pest. 
However,  few  new  insecticides  have  been  developed  for  mosquito  control  in  recent  years.  As  a  part 
of  our  collaborative  effort  to  search  for  new  insecticides  to  control  mosquitoes,  piperidine  was  used 
as  base  compound  for  further  optimization.  Herein,  we  report  the  structure-activity  relationships  of 
33  piperidines  against  adult  female  Ae.  aegypti.  On  the  basis  of  24-h  LD50  values  after  topical 
application,  the  most  toxic  compound  was  2-ethyl-piperidine,  with  an  LD50  as  low  as  0.8  pg  per 
mosquito.  The  toxicities  of  piperidine  derivatives  were  significantly  decreased  when  a  benzyl  moiety 
was  attached  to  the  carbon  of  the  piperidine  ring,  with  an  LD50  value  as  high  as  29.2  pg  per  mosquito. 
The  toxicity  order  of  three  moieties  attached  to  the  carbon  of  the  piperidine  ring  was  ethyl-  >  methyl- 
>  benzyl-derivatives.  When  the  same  moiety  was  attached  to  the  piperidine  ring,  the  carbon  position 
to  which  the  moiety  was  attached  conferred  different  toxicity  and  the  toxicity  order  was  second 
carbon  >  third  carbon  >  fourth  carbon.  Together,  these  preliminary  results  may  be  useful  in  guiding 
further  piperidine  ring  modifications  in  the  development  of  potential  new  insecticides. 

KEY  WORDS  piperidine,  yellow  fever,  dengue,  Aedes  aegypti,  insecticide 


Aedes  aegypti  (L.)  (Diptera:  Culicidae)  transmits  viral 
pathogens  of  humans,  including  yellow  fever  (Gillett 
and  Ross  1955,  Philip  1962,  Soper  1967,  Aitken  et  al. 
1977)  and  dengue  (Mattingly  1967,  Rudnick  1967, 
Coleman  and  McLean  1973,  Degallier  et  al.  1988), 
both  of  which  can  cause  severe  human  morbidity  and 
mortality.  Although  there  is  a  safe  and  effective  vac¬ 
cine  for  the  yellow  fever  virus,  epidemic  transmission 
still  occurs  in  Africa  with  sporadic  cases  in  South 
America  (Vasconcelos  et  al.  2001;  de  Filippis  et  al. 
2002;  Valero  2003;  Onyango  et  al.  2004a,b).  Dengue  is 
the  most  important  arboviral  disease  in  the  world  and 
can  cause  an  undifferentiated  fever,  dengue  fever, 
dengue  hemorrhagic  fever,  or  dengue  shock  syn¬ 
drome  (Malavige  et  al.  2004).  Annually,  dengue  epi¬ 
demics  account  for  several  million  cases  and  thou¬ 
sands  of  deaths  worldwide  (Teixeira  Mda  et  al.  2005) . 

Mosquito  control  in  many  countries  relies  primarily 
on  insecticides.  After  the  introduction  of  synthetic 
organic  insecticides  in  the  1940s  and  1950s,  Ae.  aegypti 
was  eradicated  from  many  areas  of  the  world.  The  Pan 
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American  Health  Organization  initiated  a  campaign  to 
use  DDT  to  eradicate  Ae.  aegypti  in  the  Western  Hemi¬ 
sphere  in  the  late  1940s  (Pinto  Severo  1955,  Fouque 
and  Carinci  1996) .  By  1972,  Ae.  aegypti  had  been  erad¬ 
icated  from  73%  of  the  land  area  and  19  countries 
(Gubler  1989).  However,  insecticide  resistance  de¬ 
veloped  (Brown  and  Pal  1971),  and  the  campaign 
ended  in  1972  before  the  eradication  goal  was 
achieved.  Insecticide  resistance  has  resulted  in  signif¬ 
icant  loss  of  efficacy  to  commonly  used  insecticides. 
Therefore,  there  is  urgent  need  for  the  development 
of  alternative  insecticides  to  control  these  important 
disease  vectors. 

One  potential  source  of  new  pesticides  is  natural 
plant  derivatives.  Not  only  might  certain  natural  plant 
products  be  a  source  of  new  pesticides  but  also  bo¬ 
tanical  chemical  derivatives  may  be  more  environ¬ 
mentally  friendly  than  synthetic  chemicals.  Plants  in 
the  family  Piperaceae  are  members  of  traditional  phar¬ 
macopeia  in  many  Asian  and  African  cultures,  and 
they  also  have  been  used  for  pest  control  (Wei  and  Xu 
1998,  Srivastava  1970).  A  petroleum  ether  extract  of 
Piper  guineese  Schumacher  &  Thonn.  roots  showed 
insecticidal  activity  against  house  flies,  Musca  domes- 
tica  L.  (Gbewonyo  and  Candy  1992).  A  petroleum 
ether  extract  of  Piper  chaba  Hunter  showed  insecti¬ 
cidal  activity  against  the  red  flour  beetle,  Tribolium 
castaneum  (Herbst)  (Wei  and  Xu  1998).  Pipernona- 
line,  a  piperidine  alkaloid  derived  from  Piper  longum 
L.,  also  was  found  to  be  active  against  mosquito  larvae 
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(Lee  2000,  Yang  et  al.  2002).  Piperine  [  (E,E) -1-pip- 
eroyl-piperidine  ]  is  a  major  piperidine  alkaloid  iso¬ 
lated  from  Piper  nigrum  Linn  (Rathnawathie  and 
Buckle  1983).  Natural  alkaloid  piperine  and  12  syn¬ 
thetic  derivatives  have  been  evaluated  against  epimas- 
tigote  and  amastigote  forms  of  the  protozoan  parasite 
Trypanosoma  cruzi,  the  etiological  agent  of  Chagas’ 
disease.  Furthermore,  it  has  been  suggested  that  pip¬ 
erine  is  a  suitable  template  for  the  development  of 
new  drugs  with  trypanocidal  activity  (Ribeiro  et  al. 
2004). 

As  part  of  our  effort  to  search  for  new  insecticides 
for  mosquito  control  funded  by  Deployed  War- 
Fighter  Protection  program,  piperidine  was  used  as  a 
base  compound  for  further  optimization  as  repellents 
(Katritzky  et  al.  2006).  However,  it  is  not  clear 
whether  piperidines  also  have  insecticidal  activity.  In 
this  study,  we  evaluated  insecticidal  activities  of  33 
derivatives  of  piperidine  against  female  adults  of  Ae. 
aegypti  and  studied  the  structure-activity  relation¬ 
ships  of  these  piperidines.  Our  results  revealed  that 
different  moieties  attached  to  the  piperidine  ring  had 
different  toxicities  against  Ae.  aegypti.  This  research 
will  be  useful  for  guiding  further  modification  of  the 
piperidine  ring  in  the  development  of  new  and  more 
efficacious  insecticides. 


Materials  and  Methods 

Ae.  aegypti  Mosquitoes.  The  Orlando  strain  of  Ae. 
aegypti  was  reared  in  the  insectary  of  the  Mosquito 
and  Fly  Research  Unit  at  Center  for  Medical,  Agri¬ 
cultural,  and  Veterinary  Entomology  (CMAVE), 
USDA-ARS.  This  Orlando  strain  of  Ae.  aegypti  has 
been  established  in  CMAVE  since  the  late  1940s.  Fe¬ 
male  adults  were  used  for  all  experiments  because 
only  females  take  bloodmeals  and  are  concern  of  the 
general  public.  Eggs  were  hatched  by  placing  a  square 
of  a  paper  towel  with  eggs  in  a  flask  filled  with  1,000 
ml  of  distilled  water  containing  40  mg  of  larval  diet  (3:2 
brewer’s  yeast/ liver  powder,  MP  Riomedicals,  Irvine, 
CA) .  The  hatched  larvae  were  held  overnight  in  the 
flask,  and  200  larvae  were  transferred  to  a  4-liter  plastic 
tray  containing  2  liters  of  distilled  water.  Larval  diet 
was  added  to  each  tray  according  to  the  following 
schedule:  day  1,  80  mg;  day  3,  40  mg;  day  4,  80  mg;  day 
5, 120  mg;  and  day  6, 150  mg.  Mosquitoes  were  reared 
in  an  environmental  chamber  set  with  a  temperature 
profile  representing  a  simulated  summer  day  regime 
(ranging  from  22  to  30°C)  and  80%  RH.  Incandescent 
lighting  was  set  to  a  crepuscular  profile  with  a  pho¬ 
toperiod  of  14:10  (L:D)  h,  including  2  h  of  simulated 
dawn  and  2  h  of  simulated  dusk.  Adults  were  held  in 
a  screened  cage  and  provided  10%  sucrose  ad  libitum. 
Bovine  blood  in  1%  heparin  that  had  been  placed  in  a 
pig  intestine  and  warmed  to  37°C  was  provided  to 
adults  twice  a  week.  Eggs  were  collected  on  paper 
towels  (Vasco  Brands,  Elmira,  NY)  that  lined  the  rim 
of  water  containers.  These  egg-laden  papers  were  air 
dried  at  27°C  and  80%  RH  for  24  h  and  stored  in 
containers  with  100%  humidity  for  3-30  d.  When 


needed,  eggs  were  hatched  under  vacuum  and  larvae 
were  reared  in  containers  as  described  above. 

Chemicals.  All  Piperidines  were  synthesized  and 
the  identities  were  confirmed  by  mass  spectrometry 
either  by  the  Center  for  Heterocyclic  Compounds 
(University  of  Florida,  Gainesville,  FL)  or  by  the  Nat¬ 
ural  Products  Utilization  Research  Unit  (USDA- 
ARS).  Piperine  [  (E,E)-l-piperoyl-piperidine] ,  hy- 
dromethylnon,  and  permethrin  were  purchased  from 
Chem  Service  (West  Chester,  PA). 

Adult  Bioassays.  To  determine  precisely  the  toxicity 
of  each  piperidine  against  female  Ae.  aegypti,  each 
chemical  was  serially  diluted  in  acetone  and  topically 
applied  to  individual  mosquitoes.  Before  insecticide 
application,  5-7-d-old  females  were  briefly  anesthe¬ 
tized  for  30  s  with  carbon  dioxide  and  placed  on  a  4°C 
chill  table  (BioQuip  Products,  Rancho  Dominguez, 
CA).  A  droplet  of  0.5  pi  of  insecticide  solution  was 
applied  to  the  dorsal  thorax  using  a  700  series  syringe 
and  a  PB  600  repeating  dispenser  (Hamilton,  Reno, 
NV).  Six  concentrations  providing  a  range  of  0-100% 
of  mortality  were  used  on  25-30  females  per  concen¬ 
tration.  Tests  were  replicated  three  times.  Control 
treatments  with  0.5  pi  of  acetone  alone  gave  control 
mortality  rates  of  <10%.  After  treatment,  mosquitoes 
were  kept  in  plastic  cups  and  supplied  with  10%  su¬ 
crose  solution  for  24  h  before  mortality  was  recorded. 
Temperature  and  humidity  were  maintained  at  26°C 
and  80%  RH,  respectively.  Every  bioassay  was  con¬ 
ducted  at  27°C  and  80%  RH  and  replicated  three  times. 
Bioassay  data  were  analyzed  using  PoloPlus  probit  and 
logit  analysis  software  (LeOra  Software,  Petaluma, 
CA) .  Chi-squared  goodness-of-fit  test  was  performed 
and  LD50/LD95  values  were  calculated  using  PoloPlus 
program. 

Results  and  Discussion 

To  understand  whether  the  carbon  position  to 
which  the  methyl-moiety  was  attached  would  affect 
the  toxicities  of  piperidines,  we  evaluated  the  toxici¬ 
ties  of  15  piperidines  with  methyl-moiety  at  the  sec¬ 
ond,  third,  and  fourth  carbon  of  the  piperidine  ring 
(Fig.  1).  As  shown  in  Table  1,  the  LDS0  values  of 
2-methyl-piperidines  tested  ranged  from  1.09  to  1.77 
pg  per  mosquito,  with  the  exception  of  two  saturated 
long  chain  derivatives  (1-decanoyl-  and  1-do- 
decanoyl),  whose  LDgo  values  were  2.74  and  8.76  pg, 
respectively.  On  average,  the  toxicities  of  3-methyl- 
piperidines  tested  were  slightly  lower  than  that  of 

2- methyl-piperidines,  with  LD50  values  ranging  from 
1.80  to  4.14  pg  per  mosquito.  However,  there  was  no 
significant  difference  between  the  toxicities  of 

3- methyl  piperidines  and  4-methyl  piperidines,  whose 
LDS0  values  ranged  from  1.22  to  6.71  pg  per  mosquito. 
Again,  the  toxicities  of  saturated  long  chain  derivatives 
of  4-methyl-piperidine  were  lower  than  others,  with 
LD50  values  for  1-decanoyl-  and  1-dodecanoyl-piperi- 
dines  elevated  to  4.90  and  6.71  pg  per  mosquito,  re¬ 
spectively. 

Next,  we  evaluated  the  toxicities  of  piperidines  with 
two  different  moieties  (ethyl-  and  benzyl-)  attached 
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Fig.  1. 
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Chemical  structures  of  the  15  methyl-piperidines  listed  in  Table  1. 


to  the  carbons  of  the  piperidine  ring  against  Aedes 
aegypti.  As  shown  in  Table  2  and  Fig.  2,  the  toxicities 
of  2-ethyl-piperidines  were  significantly  higher  than 
those  of  benzyl-piperidines.  The  LD50  values  of  2-ethyl- 
piperidines  ranged  from  0.84  /xg  to  1.83  /xg  per  mos¬ 
quito,  whereas  the  LD50  values  of  benzyl-piperidines 
ranged  from  12.89  to  29.20  /xg. 

Together,  the  results  of  Tables  1  and  Table  2  suggest 
that  the  toxicities  of  ethyl-piperidines  were  generally 
higher  than  those  of  methyl-piperidines,  followed  by 
benzyl-piperidines  whose  toxicities  were  the  lowest. 
However,  these  piperidines  were  different  com¬ 


pounds  with  different  moieties  attached.  To  validate 
the  finding  that  moieties  directly  affected  toxicity,  we 
synthesized  a  series  of  piperidines  with  the  three  moi¬ 
eties  (ethyl-,  methyl-,  and  benzyl-)  attached  to  the 
second,  third,  and  fourth  carbon  positions  of  the 
piperidine  ring.  As  positive  control,  we  included 
permethrin  and  hydromethylnon  in  the  bioassays.  As 
shown  in  Table  3  and  Fig.  3,  among  the  three  1-undec- 
10-enoyl-piperidines  with  the  three  different  moieties 
added  to  the  second  carbon  of  the  piperidine  ring,  the 
2-ethyl-derivative  had  the  highest  toxicity  (LD50  = 
0.80  /xg) ,  followed  by  the  2-methyl-derivative  (LD50  = 


Table  1.  Toxicities  of  15  analogs  of  methyl-piperidines  to  adult  female  Ae.  aegypti  24  h  after  topical  application 


Chemical 

LD50  (95%  CI)“ 

LD95  (  95%  CI)“ 

Slope  (SE) 

X* 

1-  ( Cyclohexy  lacetyl)  -2-methyl-piperidine 

1.77  (1.46-2.27) 

4.73  (3.29-10.47) 

3.85  (0.79) 

0.082 

( 2R)  - 1  -Decanoyl-2-methyl-piperidine 

2.74  (1.97-4.34) 

26.40  (11.26-283.71) 

1.67  (0.41) 

0.356 

l-Dodecanoyl-2-methyl-piperidine 

8.76  (  6.62-12.68) 

38.86  (22.21-147.56) 

2.54  (0.56) 

0.111 

( 2R )  - 1  -Heptanoy  1-2-methyl -piperidine 

1.20  (0.94-1.78) 

4.70  (2.68-20.33) 

2.77  (0.65) 

0.048 

1-  (3-Cyclohezylpropanoyl)  -2-methyl-piperidine 

1.09  (0.83-1.68) 

5.31  (2.77-34.85) 

2.39  (0.61) 

0.344 

l-[  (4-Methylcyclohexyl)  carbonyl]-2-methyl-piperidine 

1.13  (0.86-1.44) 

6.14  (4.07-12.34) 

2.23  (0.33) 

2.891 

(3S)-l-(l-Methylcyclohexyl)carbonyl-3-methyl-piperidine 

4.14  (3.32-5.88) 

14.88  (9.07-43.36) 

2.96  (0.58) 

0.013 

(3S)  -1-  (3-Cyclohexylpropanoyl)  -3-methyl-piperidine 

1.92  (1.58-2.47) 

5.82  (3.87-15.45) 

3.41  (0.75) 

0.734 

( 3S )  - 1  -Heptanoy  1-3-methyl-piperidine 

2.07  (1.85-2.38) 

4.21  (3.37-6.37) 

5.35  (0.89) 

0.731 

(3S)  -1-  (Cyclohexylcarbonyl)  -3-methyl-piperidine 

1.80  (1.37-2.75) 

10.28  (5.30-48.62) 

2.17  (0.46) 

0.812 

1  -Decanoy  1-4-methyl-piperidine 

4.90  (3.96-5.78) 

14.76  (10.97-27.02) 

3.44  (0.65) 

1.290 

1-  (4-Cyclohexylbutanoyl)  -4-methyl-piperidine 

4.25  (3.11-6.00) 

23.99  (13.89-69.19) 

2.19  (0.39) 

0.309 

1-  (Cyclohexylcarbonyl)  -4-methyl-piperidine 

2.63  (2.21-3.09) 

7.31  (5.46-13.05) 

3.71  (0.68) 

1.718 

l-Dodecanoyl-4-methyl-piperidine 

6.71  (5.16-9.14) 

31.09  (18.00-123.44) 

2.47  (0.57) 

0.174 

1-  (3-Cyclohezylpropanoyl)  -4-methyl-piperidine 

1.22  (0.94-1.93) 

5.34  (2.86-31.00) 

2.57  (0.64) 

0.053 

Piperine  [  (E,E)  -1-piperoy  1-piperidine] 

8.13  (6.10-12.99) 

58.74  (28.13-303.44) 

1.92  (0.39) 

0.539 

LD50  value  in  units  of  micrograms  per  mosquito. 
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Table  2.  Toxicities  of  five  2-ethyl-  and  four  benzyl-piperidine  analogs  to  adult  female  Ae.  aegypti  24  h  after  topical  application 


Chemical 

LD50  (95%  CI)“ 

LD95  (95%  CI)“ 

Slope  (SE) 

x2 

1-  (Cyclohexylcarbonyl)  -2-ethyl-piperidine 

1.67  (1.44-2.08) 

4.19  (2.97-8.91) 

4.13  (0.84) 

1.355 

1-  (3-cyclohexylpropanoyl)  -2-ethy  1-piperidine 

0.94  (0.70-1.40) 

4.28  (2.46-13.03) 

2.50  (0.46) 

0.241 

1 -Propionyl-2-ethyl-piperidine 

1.56  (1.33-1.78) 

3.69  (2.95-5.56) 

4.38  (0.72) 

0.063 

1-  (3-Cyclopentylpropanoyl)  -2-ethy  1-piperidine 

1.83  (1.14-2.63) 

6.40  (3.90-31.62) 

3.03  (0.46) 

4.116 

1  -N  onanoyl-2-ethyl-piperidine 

0.84  (0.60-1.10) 

5.16  (3.12-14.62) 

2.09  (0.40) 

0.224 

l-Octanoyl-3-benzyl-piperidine 

29.20  (19.82-49.09) 

371.56  (154.47-2475.31) 

1.49  (0.29) 

0.343 

l-Undec-10-enoyl-4-benzyl-piperidine 

14.72  (10.59-25.29) 

128.15  (54.95-1114.22) 

1.75  (0.40) 

0.611 

l-Cyclohexylacetyl-4-benzyl-piperidine 

19.22  (12.68-42.67) 

152.50  (59.76-1778.90) 

1.83  (0.43) 

0.069 

1-  (3-Cyclohexylpropanoyl)  -4-benzyl-piperidine 

12.89  (10.11-17.45) 

61.30  (37.01-165.40) 

2.43  (0.43) 

0.084 

Piperine  [  ( E,E )  -1-piperoy  1-piperidine] 

8.13  (6.10-12.99) 

58.74  (28.13-303.44) 

1.92  (0.39) 

0.539 

°  LD50  value  in  units  of  micrograms  per  mosquito. 


1.38  pg) .  When  the  benzyl  moiety  was  attached  to  the 
same  position,  the  toxicity  was  significantly  decreased 
(LD50  =  3.59  pg) .  Similarly,  among  the  three  1-undec- 
10-enoyl-piperidines  with  the  three  different  moieties 
attached  to  the  third  carbon  of  the  piperidine  ring,  the 
3-ethyl-derivative  had  the  highest  toxicity  (LD50  = 
1.32  pg),  followed  by  the  3-methyl-  and  3-benzyl  de¬ 
rivatives  (LD50  =  2.07  and  7.43  pg,  respectively). 
Bioassay  results  of  the  three  l-undec-10-enoyl-pip- 
eridines  with  the  three  different  moieties  attached 
to  the  fourth  carbon  of  the  piperidine  ring  revealed 
the  same  trend  (Table  3;  Fig.  3).  The  4-ethyl-de¬ 
rivative  had  the  highest  toxicity  (LD50  =  1.54  pg), 
followed  by  the  4-methyl-derivative  (LDS0  =  2.72 
pg)  and  the  4-benzyl-derivative  (LD50  =  14.72  pg). 
Based  on  LD50  values,  we  conclude  the  following:  1 ) 
different  moieties  conferred  different  toxicities  to 
the  piperidines  (for  example,  2-ethyl-  >  2-methyl-  > 
2-benzyl-;  3-ethyl-  >  3-methyl  >3-benzyl-;  4-ethyl  £4- 
methyl  >4-benzyl-  toxicity),  regardless  of  to  which 


carbon  they  were  attached;  2)  when  the  same  moi¬ 
ety  was  attached  to  the  piperidine  ring,  the  position 
of  the  carbon  to  which  the  moiety  was  attached 
would  make  a  difference  and  the  order  of  toxicities 
was  second  carbon  >  third  carbon  >  fourth  carbon 
(for  example,  2-ethyl  >  3-ethyl  >  4-ethyl;  2-methyl  > 

3- methyl-  >  4-methyl;  2-benzyl  >  3-benzyl  > 

4- benzyl). 

It  has  been  well  recognized  that  natural  plant  de¬ 
rivatives  could  be  developed  into  products  suitable  for 
pest  control  because  many  of  them  are  selective  and 
often  biodegrade  into  nontoxic  products  (Sukumar 
et  al.  1991,  Shaalan  et  al.  2005).  As  part  of  our  effort 
to  search  for  new  insecticides  for  mosquito  control, 
piperidine  was  used  as  base  compound  for  further 
optimization  in  this  study.  We  observed  that  the 
toxicity  of  the  2-ethyl-l-undec-10-enoyl  derivative 
(LD50  =  0.8  pg)  was  10  times  higher  than  that  of 
piperine  (LDgo=  8.13  pg)  and  almost  as  toxic  as  the 
relatively  new  insecticide  hydromethylnon  (LD50  — 


1  -(cyclohexyl-carbonyl)- 
2-ethyl-piperidine 


1  -(3-cyclohexylpropanoyl)- 
2-ethyl-piperidine 


1- propionyl- 

2- ethyl-piperidine 


1  -(3-cyclopentylpropanoyl)- 
2-ethyl-piperidine 


1  -nonanoyl- 
2-ethyl-piperidine 


ca 


j 

L 


1  -octanoyl- 
3-benzyl-piperidine 


1-undec-10-enoyl- 

4-benzyl-piperidine 


1  -(cyclohexylacetyl)- 
4-benzyl-piperidine 


1  -(3-cyclohexylpropanoyl)- 
4-benzyl-piperidine 


Fig.  2.  Chemical  structures  of  the  ethyl-  and  benzyl-piperidines  listed  in  Table  2. 
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Table  3.  Toxicities  of  nine  analogs  of  l-imdec-10-enoyl-piperidines  to  adult  female  Ae.  aegypti  24  h  after  topical  application 


Chemical 

LD50  (95%  CI)“ 

LD95  (95%  CI)° 

Slope  (SE) 

/ 

2-Ethyl-l-undec-10-enoylpiperidine 

0.80  (0.65-0.97) 

2.18  (1.60-4.01) 

3.75  (0.69) 

0.004 

2-Methyl-l-undec-10-enoylpiperidine 

1.38  (1.12-1.98) 

4.55  (2.78-15.30) 

3.17  (0.71) 

0.219 

2-Benzyl-l-undec-10-enoylpiperidine 

3.59  (2.68-7.03) 

15.49  (7.62-115.56) 

2.59  (0.65) 

0.131 

3-Ethyl-l-undec-10-enoylpiperidine 

1.32  (0.97-1.69) 

5.38  (3.45-16.13) 

2.70  (0.62) 

0.103 

3-Methyl-l-undec-10-enoylpiperidine 

2.07  (1.84-2.33) 

4.44  (3.64-6.12) 

4.95  (0.68) 

1.109 

3-Benzyl-l-undec-10-enoylpiperidine 

7.43  (6.02-9.68) 

25.85  (17.18-55.50) 

3.04  (0.51) 

1.362 

4-Ethyl- 1  -undec-10-enoylpiperidine 

1.54  (1.18-2.71) 

5.52  (3.00-30.25) 

2.97  (  0.74) 

0,559 

4-Methyl-l-undec-10-enoylpiperidine 

2.72  (2.07-3.85) 

17.07  (9.09-73.06) 

2.01  (0.43) 

0.476 

4-Benzyl-l-undec-10-enoylpiperidine 

14.72  (10.59-25.29) 

128.15  (54.95-1114.22) 

1.75  (0.40) 

0.611 

Piperine  [  (E,E)  -1 -piperoyl-piperidine] 

8.13  (6.10-12.99) 

58.74  (28.13-303.44) 

1.92  (0.39) 

0,539 

Permethrin 

0.00014  (0.00082-0.000246) 

0.000343  (0.000208-0.003037) 

4.14  (0.61) 

2.342 

Hydromethylnon 

0.57  (0.41-0.74) 

2.99  (1.98-6.44) 

2.29  (0.40) 

1.260 

“  LD50  and  LD95  values  are  in  units  of  micrograms  per  mosquito. 


0.57  pug)  (Table  3) ,  indicating  that  piperidine  might  be 
suitable  for  further  optimization  for  the  development 
of  novel  insecticides  for  mosquito  control.  Addition¬ 
ally,  the  toxicities  of  several  ethyl-and  methyl-piperi¬ 
dines  were  significantly  higher  than  that  of  pipeline, 
indicating  that  the  1-piperoyl  portion  of  piperine  does 
not  play  an  important  role  in  its  toxicity.  This  result  is 
consistent  with  Park  et  al.  (2002),  in  which  it  was 
indicated  that  the  1-piperoyl  portion  of  piperine  was 
not  essential  for  piperine  toxicity.  Our  preliminary 
data  indicated  that  replacing  the  1-piperoyl  portion  of 
piperine  with  different  moieties  did  not  reduce  its 
toxicity  (unpublished  data). 

Structure-activity  relationships  of  compounds  have 
been  well  studied  (Elliott  et  al.  1971;  Creemer  et  al. 
2000;  Boger  et  al.  2001;  Ito  et  al.  2002;  Park  et  al.  2002; 
Wang  et  al.  2002;  Ito  et  al.  2003a, b;  Meegalla  et  al. 
2006).  For  example.  Park  et  al.  (2002)  studied  the 
insecticidal  activity  of  different  isobutylamides  de¬ 
rived  from  the  fruit  of  P.  nigrum  against  third  instars 
of  Culex  pipiens  pollens  Coquillett,  Ae.  aegypti,  and 
Aedes  togoi  Theobald.  Structure-activity  relationship 


studies  indicate  that  the  methylenedioxyphenyl  moi¬ 
ety  of  retrofractamide  does  not  play  a  crucial  role  in 
larvicidal  activity.  Ito  et  al.  (2002,  2003b)  synthesized 
a  series  of  dihydropyrrole  derivatives  with  different 
moieties  added  at  different  positions  and  studied  their 
insecticidal  activities  against  planthopper  Nilaparvata 
lugens  Stal  and  leafhopper  Nephotettix  cincticeps  Uhler. 
Structure-activity  relationship  studies  of  these  dihy¬ 
dropyrrole  derivatives  have  shown  that  moieties  and 
positions  play  important  roles  in  toxicities.  Our  studies 
also  indicate  that  different  moieties  at  different  posi¬ 
tions  confer  different  insecticidal  activities  (2  >  3  > 
4  for  position  trend;  ethyl  >  methyl  >  benzyl  for 
moiety  trend). 

In  conclusion,  we  have  evaluated  the  insecticidal 
activities  of  33  piperidines  against  female  Ae.  aegypti. 
Structure-activity  relationships  indicated  that  ethyl- 
was  a  better  moiety  suitable  as  attachment  to  the 
piperidine  ring  to  increase  the  insecticidal  toxicity, 
whereas  the  benzyl-moiety  tended  to  significantly  de¬ 
crease  insecticidal  toxicity.  Several  ethyl-derivatives 
exhibited  «=10  times  higher  insecticidal  activity  than 


2-methyl-  1-undec- 
1 0-enoyl-piperidine 


2-ethyl-  1-undec- 
1 0-enoyl-piperidine 


2-benzyl- 1-undec- 
1 0-enoyl-piperidine 


3-methyl-l-undec- 
1 0-enoyl-piperidine 


3-ethyl-l-undec- 
1 0-enoyl-piperidine 


3-benzyl- 1-undec- 
1 0-enoyl-piperidine 


4-methyl-  1-undec- 
1 0-enoyl-piperidine 


4-ethyl- 1-undec- 
1 0-enoyl-piperidine 


4-benzyl-  1-undec- 
1 0-enoyl-piperidine 


Piperine:  (E,E)- 1  -piperoyl-piperidine 


Fig.  3.  Chemical  structures  of  piperine  and  the  ethyl-,  methyl-,  and  benzyl-piperidines  listed  in  Table  3. 
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piperine  against  female  Ae.  aegijpti.  These  preliminary 
results  may  be  useful  in  guiding  further  modifications 
of  the  piperidine  ring  in  the  development  of  potential 
new  insecticides. 
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